Pliocene-Pleistocene deep sea benthic foraminifera from ODP Site 762B in the eastern Indian Ocean were examined to understand the tectonically/climatically induced palaeoceanographic changes. In addition to already published data on this site by Rai & Singh (2001) , some more faunal parameters were considered in the present work. Characteristic benthic foraminiferal assemblages as well as more diverse fauna during the early Pliocene (before 3.5 Ma) reflected relatively oligotrophic and warm bottom water conditions. At the beginning of the late Pliocene (i.e. ∼ 3 ± 0.5 Ma) relative abundances of Uvigerina proboscidea, infaunal taxa and high productivity taxa increased, whereas faunal diversity showed a distinct decline, suggesting the development of pronounced upwelling resulting in higher surface water productivity. The strongly reduced inflow of warm and oligotrophic water masses as the South Equatorial Current (SEC) from the South Pacific to the eastern Indian Ocean due to the effective closure of the Indonesian seaway increased the surface water productivity. The closing of the Indonesian seaway during the late Pliocene was also responsible for the cessation of the warm, southward-flowing Leeuwin Current (LC) and the greater influence of the cold, deep
Introduction
The Indonesian seaway is one of the critical zonal tropical seaways which largely influenced the global ocean circulation in the late Mesozoic, Paleogene and Neogene. The opening and closing of various seaways due to the drifting of continents significantly influenced climatic systems during most of the Cenozoic (Kennett et al. 1985) . The long-term Cenozoic cooling trend is thought to have been initially stimulated by changes in the atmospheric circulation pattern resulting from the uplift of the Tibetan Plateau (Ruddiman et al. 1989 , Raymao & Ruddiman 1992 , Cerling et al. 1997 . The change in the ocean circulation pattern following the opening of a continuous seaway around Antarctica at ∼ 30 Ma was responsible for a fall in temperature in high latitudes (Toggweiler & Samuels 1995 , Zachos et al. 2001 ). Significant changes in the circulation during the Pliocene as a result of several tectonic rearrangements in the tropics are believed to be the major causal mechanism for plunging the world into an ice age during the late Pliocene. The closure of the Indonesian seaway (Srinivasan & Sinha 1998 , Cane & Molnar 2001 , Gourlan et al. 2008 ) and the Panama seaway (Stehli & Webb (eds.) 1985 , Burton et al. 1997 , Bartoli et al. 2005 during the Pliocene affected the oceanic circulation, probably the deep thermohaline circulation. Deep sea records also provide ample evidence of changes in the thermohaline circulation (Burton et al. 1997) . Rai & Singh (2001) have already published some of the data on faunal diversity and abundance to discuss the broad palaeoceanographic changes in this region. In the present paper several other faunal parameters are added for a better understanding of the response of the benthic foraminiferal distribution to the Indonesian seaway closure.
Indonesian seaway closure
In the course of the northward drift of Australia and Tasmania away from Antarctica, the Indonesian seaway between the Pacific and the Indian Ocean narrowed. Earlier studies suggested that the palaeoceanographic changes in the Indian Ocean, equatorial Pacific, South China Sea and Caribbean Sea were linked to the closure of the Indonesian and central American seaways during the Miocene and Pliocene (e.g. Keller 1985 , Kennett et al. 1985 , Haug & Tiedmann 1998 , Srinivasan & Sinha 1998 , Chaisson & Ravelo 2000 , Haug et al. 2001 , Jian et al. 2006 . Through geological time, the position of the Indonesian seaway changed, as did the geometry of the inflow passages in relation to the tropical Pacific front, which significantly modified the climatic role of the tropical Indian and Pacific Oceans, resulting in reduced atmospheric heat transport from the tropics to high latitudes (Nishimura 1992) . The early evolution of the Indonesian seaway was characterized by tectonic restriction of the deep water and, by the early Miocene, the Indonesian seaway was already closed as a deep water pathway between the Pacific and Indian Oceans (Nishimura & Suparka 1997 , Hall 2002 , Kuhnt et al. 2002 . Hall (2002) suggested that the effective restriction in the Indonesian Throughflow (ITF) due to narrowing of the seaway could have occurred between 12 and 3 Ma. The remaining source of throughflow water shifted further north, resulting in a colder throughflow in the eastern Indian Ocean. A restriction of Indonesian Throughflow intensity at ∼ 5 Ma was inferred from the significant expansion of the oxygen minimum zone in the central Indian Ocean (Dickens & Owen 1994) . These authors concluded that the increased biological productivity was responsible for the expansion of the oxygen minimum zone in the central Indian Ocean as the warm oligotrophic Indonesian Throughflow water mass was strongly reduced. Srinivasan & Sinha (1998) also provided evidence for an early Pliocene restriction (at approximately 5 Ma) of the Indonesian seaway from a comparison of planktic foraminiferal species occurrences in the eastern Indian Ocean and tropical Pacific deep sea cores. Cane & Molnar (2001) suggested an even younger age (4-3 Ma) for the effective closure of the Indonesian seaway to restrict surface and thermocline water flow. They proposed that the emergence of the Indonesian Archipelago, in particular the rapid uplift of Halmahera dramatically reduced the Indonesian gateway. The past ocean circulation between the Pacific and Indian Oceans since the Miocene inferred from Nd isotopes (Gourlan et al. 2008 ) also supports the idea of the rapid closure of the Indonesian seaway around 4-3 Ma. Thus, various restriction events have been proposed for the middle Miocene, late Miocene, Pliocene and Pleistocene based on the circulation patterns in the equatorial Pacific Ocean and palaeoceanographic evidence from the Indian Ocean (Kuhnt et al. 2004) . The final closure of the Indonesian seaway during Pliocene (∼ 4-3 Ma) (Cane & Molnar 2001) changed not only the physicochemical characteristics of the surface and deep water masses but also the circulation pattern in the Pacific and Indian Oceans. These oceanographic changes influenced the composition of the benthic and planktic foraminiferal assemblages. The aim of the present work is therefore mainly to understand the response of the eastern Indian Ocean benthic foraminiferal distribution to the oceanographic and climatic changes resulting from the closure of the Indonesian seaway.
Oceanographic setting
ODP Site 762B was drilled on the Exmouth Plateau off the coast of northwest Australia (lat. 19 • 53.24 ′ S; long. 112 • 15.24 ′ E; water depth -1360 m) in the eastern Indian Ocean (Figure 1 ). This site is situated within the deep Oxygen Minimum Zone (Wyrtki 1971) below the tropical to subtropical transition zone (20 • S to 15 • S) (Bé & Hutson 1977) . The South Equatorial Current (SEC), West Australian Current (WAC), Leeuwin Current (LC) and South Java Current (SJC) make up the major current system in this region. The intermingling of waters between the Indonesian passage and the equatorial Indian Ocean along with the Western Pacific Warm Pool (WPWP) and Indonesian Throughflow (ITF) largely controls the oceanographic conditions in the eastern Indian Ocean (Tomczak & Godfrey 2001) . The warm, less saline WPWP is formed by the westwardflowing North and South Equatorial Currents, which are driven by the trade winds blowing westwards in the equatorial zone (Tomczak & Godfrey 2001) . The less saline tropical Indonesian Throughflow (ITF) water originates in the WPWP and enters the Indian Ocean as the westward-flowing South Java and South Equatorial Currents. A part of the ITF starts flowing southwards along the western coast of Australia, around Cape Leeuwin and reaches as far as the Great Australian Bight as the Leeuwin Current (Cresswell & Golding 1980 , Pearce 1991 . Beneath the Leeuwin Current, high salinity waters are carried northwards by the cold Western Australian Current (WAC). This current is part of the major Southern Hemisphere subtropical gyre, moving anticlockwise in the Indian Ocean (Wells et al. 1994) , which influences water masses to depths as great as 2000 m (Tchernia 1980) .
The region of Exmouth off western Australia is geographically and topographically identical to the other eastern boundary regions. Therefore, the trade wind blowing equatorwards off western Australia would be expected to cause coastal upwelling in this region (Smith 1992) . However, the ocean off western Australia behaves quite unlike other eastern boundary regions. There is no regular, continuous equatorward flow within 1000 km of the coast and no evidence of coastal upwelling. Coastal upwelling in this region is prevented or highly reduced by the warm, southward-flowing Leeuwin Current (LC), whose pressure gradient exceeds the off-shore Ekman transport (Smith 1992) . However, there is strong indirect evidence for the development of zones of upwelling off the west coast of Australia during the glacial intervals (Wells et al. 1994) . The examined ODP site is located in the region influenced by both the warm LC and the cold WAC. Thus, the fluctuations in the strength of these currents also affect the benthic foraminiferal distribution in this region.
Material and methods
The present study is based on 76 core samples from a 108.9 m thick section at ODP Site 762B in the eastern Indian Ocean. The core samples consist mainly of foraminifera-rich nannofossil ooze. Samples were wet sieved using > 149 µm Tyler sieves. After drying, a micro-splitter was used to separate a representative portion of the > 149 µm fraction estimated to contain about 300 specimens of benthic foraminifera. All the benthic foraminiferal specimens from the split samples were picked out and mounted on microfaunal assemblage slides for identification, counting and recording as percentages of the total assemblage.
In order to place greater stress on the dominant taxa, only species with a relative abundance of 2% or more in at least one sample and present in at least three samples were included in the Q-mode factor analysis. The relative abundance of unilocular forms was not taken to perform factor analysis because their ecological preferences are not well known. Q-mode factor analysis was performed on a reduced data set of the 51 highest ranked species (Table 1) at this site using a commercially distributed statistical package (SPSS 9.0) to establish the correlation between benthic foraminiferal assemblages and environmental conditions. This method involves principal component analysis followed by VARIMAX rotation. The benthic foraminiferal quantitative data were used to calculate Hurlbert's diversity index, S m (Hurlbert 1971 ). Hurlbert's diversity index is defined by the function
where S m is the expected number of species in a random sub-sample of size m (m ≥ N). In the present study m = 100, which is well below the lowest number of specimens counted per sample. N is the number of specimens in the sample and S is the number of species in which N specimens are distributed. N i is the number of individuals in the i-th species,
and N ≥ m respectively, and zero for (N − N i ) < m and N < m respectively (Smith & Grassle 1977) .
The percentages of shallow infaunal and other infaunal taxa were calculated following Wells et al. (1994) , and the percentages of oxic and suboxic taxa were calculated following Kaiho (1994) . We also compared the faunal diversity with some faunal abundance data. Benthic foraminifera were Table 2 ) Table 2 . Calcareous nannofossil datums after Siesser et al. (1992) . Astronomically tuned ages after Lourens et al. (2004) and Berggren et al (1995) Berggren et al. (1995) grouped into percentages of total cylindrical elongate taxa (predominantly stilostomellids) following Hayward (2002) and Smart et al. (2007) . High productivity taxa are explained as the sum of various infaunal taxa, i.e. Bulimina spp., Melonis spp., Uvigerina spp., Ehrenbergina spp., Eggerella bradyi, Sphaeroidina bulloides and Pullenia bulloides following Gooday (1994 Gooday ( , 2003 and Loubere (1996) . The nannofossil datum levels, like those selected by Siesser et al. (1992) , were used to construct the age model for Site 762B. But the numerical ages were reassigned according to the timescale of Berggren et al. (1995) and Lourens et al. (2004) (Figure 2 ). Our age model for this site is thus the same as that in Siesser et al. (1992) in their interpretation of the biomagnetostratigraphy, with differences only in the update of the numerical ages of datum levels ( Table 2) .
Results
Pliocene-Pleistocene deep sea benthic foraminifera show major fluctuations and long-term changes at ODP Site 762B (Figures 3 and 4) . The most abundant species include Uvigerina proboscidea, Cibicides lobatulus, Cibicides wuellerstorfi, Bulimina aculeata, Bulimina alazanensis, Stilostomella lepidula, Oridorsalis umbonatus and Gyroidinoides cibaoensis. The benthic foraminiferal census records at Site 762B show a distinct change in species association and relative abundance at about 3 ± 0.5 Ma. On the basis of Q-mode factor analysis we recognized four distinct faunal assemblages at this site ( Figure 5 ) and attempted to give their expected environmental preferences (Table 3) .
Uvigerina proboscidea assemblage
U. proboscidea is the single dominant species of this assemblage, having a high positive score of factor 1. U. proboscidea is associated with the high organic carbon flux rates due to increased surface productivity and low oxygen levels resulting from organic matter oxidation (Gupta & Srinivasan 1992 , Rai & Srinivasan 1994 , Wells et al. 1994 , Murgese & Deckker 2007 . Thus, the U. proboscidea assemblage has been considered as an indicator of past periods of enhanced surface productivity (Table 3) .
Cibicides lobatulus assemblage
Species of this assemblage have a distinct positive score of factor 2 comprising C. lobatulus, O. umbonatus, Cibicides kullenbergi and G. cibaoensis. C. lobatulus is an epiphyte species (Gaudant et al. 2010) . O. umbonatus is a long-ranging species which lives in various environments (Miao & Thunell 1993 , Schmiedl & Mackensen 1997 , Gupta & Thomas 1999 . It is reported to reflect a well-oxygenated, low organic carbon environment (Mackensen et al. 1985 , Miao & Thunell 1993 ). According to Rathburn & Corliss (1994) it can use limited amounts of food. C. kullenbergi prefers a deep-sea environment with a low organic carbon content below the low surface productivity regions (Burke et al. 1993 , Nomura 1995 .
The vertical distribution of C. kullenbergi is confined to the oxygen-rich and nutrient poor NADW (Schmiedl et al. 1997) . G. cibaoensis is broadly distributed in the deep-sea environment with intermediate oxygen, and a variable temperature and food supply (De & Gupta 2010) . This faunal assemblage is suggestive of an oxygenated deep-sea environment with a low organic flux (Table 3) .
Cibicides wuellerstorfi assemblage C. wuellerstorfi, Ehrenbergina carinata, B. alazanensis, and G. cibaoensis are the major species of this assemblage, with a high positive score of factor 3. As a suspension feeder and elevated epibiont, C. wuellerstorfi does not require high organic carbon levels and can withstand active bottom water currents (Linke & Lutze 1993 , Gupta & Thomas 1999 ). E. carinata thrives in a warm deep sea with low oxygen and variable organic carbon levels (Nomura 1995 , Gupta & Satpathy 2000 . E. carinata is also reported from regions with an intermediate to high flux of organic matter and low oxygen conditions in the central Indian Ocean (Gupta et al. 2006) . B. alazanensis is an infaunal species which thrives in a less well oxygenated deep sea with a high continuous food supply (Corliss & Chen 1988 , Gupta & Thomas 1999 . It is thus inferred that this faunal assemblage broadly reflects a low to intermediate flux of organic matter and oxygenated deep water with active currents (Table 3) .
Bulimina aculeata assemblage
This assemblage is predominantly represented by B. aculeata, U. peregrina and C. wuellerstorfi with a relatively higher positive score of factor 4. B. aculeata thrives mainly in regions of relatively low to intermediate temperature with a low oxygen and high food supply (De & Gupta 2010) . U. peregrina typically thrives in the deep sea with higher rates of organic carbon flux (Altenbach et al. 1999) . This faunal assemblage is indicative of an oxygen-poor deep-sea environment with a high organic carbon flux (Table 3) .
During most of the early Pliocene (prior to ∼ 3.5 Ma) the lowfood exploiting benthic foraminiferal assemblages (i.e. C. lobatulus and C. wuellerstorfi assemblages) developed significantly along with higher relative abundances of C. lobatulus, C. wuellerstorfi, O. umbonatus and G. cibaoensis (Figures 3 and 4) . This time interval was also marked by a low percentage of total infaunal taxa and higher faunal diversity along with low abundances of taxa indicating higher surface water productivity and suboxic conditions (Figure 6 ). After ∼ 3.5 Ma the typical high-food exploiting U. proboscidea assemblage started developing significantly, which was also marked by a regular increase in the relative abundance of U. proboscidea. At this time, the percentage of total infaunal taxa increased significantly, whereas species diversity showed a distinct decline (Figure 6 ). High-productivity taxa and suboxic taxa also started increasing their abundances at ∼ 3.5 Ma and remained dominant during most of the late Pliocene and Pleistocene interval. Most of the Pleistocene interval was characterized by the distinct development of the B. aculeata assemblage along with the U. proboscidea assemblage at this site ( Figure 5) . Interestingly, B. aculeata appeared at ∼ 2.5 Ma (Figure 3) , when B. alazanensis exhibited a sudden drop in its abundance, thereafter occurring sporadically during most of the late Pliocene and Pleistocene interval. Strong fluctuations in the relative abundance of U. proboscidea and the percentage of total infaunal taxa were observed during most of the Pleistocene. S. lepidula occurred more or less commonly during the Pliocene and early Pleistocene interval before disappearing in the middle Pleistocene, at a time coinciding with the absence of the C. lobatulus assemblage (∼ 0.7 Ma) (Figure 4 ).
Discussion
Changes in the surface water productivity and climatically and/or tectonically induced ocean circulation may influence the deep-sea environment, causing variations in the benthic foraminiferal assemblages and species diversity Gooday 1996, Rai & Singh 2001, and others) . Several recent studies have emphasized that variations in the organic carbon flux from the mixed layer due to the changing magnitude of surface water productivity play a vital role in the deep-sea benthic foraminiferal distribution pattern (Miao & Thunell 1993 , Wells et al. 1994 , Den Dulk et al. 1998 , 2000 , Rai et al. 2007 ). Thus, benthic foraminifera provide a useful tool for understanding the environmental variations in response to various palaeoclimatic and palaeoceanographic changes. In general, the early Pliocene interval (up to ∼ 3.5 Ma) was characterized by the development of the Cibicides lobatulus and Cibicides wuellerstorfi assemblages, reflecting the low influx of organic carbon to the sea floor due to decreased rates of surface water productivity. This interval also corresponds with the increase in faunal diversity, and the relative abundance of C. lobatulus and C. wuellerstorfi, along with a low percentage of total infaunal taxa, high productivity taxa and suboxic taxa. Thus, during most of the early Pliocene the eastern Indian Ocean was characterized by relatively warm and stable bottom waters at bathyal depths with low organic carbon influx and better ventilation.
The early Pliocene was a period of prolonged global warming (Dowsett et al. 1996 , Haywood et al. 2000 with relatively less developed Northern Hemisphere ice sheets and a higher CO 2 concentration (pCO 2 ) (Raymo et al. 1996) . The low occurrence of the C. lobatulus assemblage along with the distinct occurrence of the C. wuellerstorfi assemblage at ∼ 5 Ma could have been due to active bottom currents with a low-moderate organic flux in the deep sea. There is much evidence to suggest that up to the early Pliocene the Indonesian seaway was better open, which links the Indian Ocean and Pacific (Srinivasan & Sinha 1998 , Cane & Molnar 2001 and most of the Indonesian Throughflow (ITF) was probably fed from warm south Pacific waters. Thus, up to ∼ 3.5 Ma warm water from the southern Pacific should have been flowing into the Indian Ocean. Cane & Molnar (2001) proposed that a permanent El Niño-like condition during early the Pliocene increased the temperature at high latitudes and prevented the growth of Northern Hemisphere ice sheets. Thus, the inflow of warm southern Pacific waters in the eastern Indian Ocean during the early Pliocene increased the strength of the southward-flowing warm Leeuwin Current (LC), whose pressure gradient exceeds the offshore Ekman transport (Smith 1992) , supplying tropical heat towards the pole. Ravelo et al. (2004) also explained that the lack of a δ 18 O gradient across the tropical Pacific during the early Pliocene warm period strongly supports a persistent El Niño-like condition increasing the eastern Indian Ocean temperature due to the intense Leeuwin Current. This, in turn, suppressed the intensity of the relatively deep and cold northward-flowing Western Australian Current (WAC), which may have been responsible for reduced upwelling and surface water productivity, as in modern times. Also during most of the early Pliocene (before ∼ 3.5 Ma) the temperature of the deep ocean was significantly high and the thermocline was so deep that winds were unable to upwell deep, cold and nutrient-rich water to the surface (Fedorov & Philander 2000) . The result was warmer sea surface temperatures in the Indian Ocean, elevated levels of evaporation and precipitation, and relatively wet climates in East Africa.
The late Pliocene (after ∼ 3.5 Ma) was characterized by a distinct increase in the relative abundance of Uvigerina proboscidea (a well-known indicator of high surface water productivity; Gupta & Srinivasan 1992 , Rai & Srinivasan 1994 , Rai & Singh 2001 , Rai et al. 2007 and the significant development of high food-exploiting faunal assemblages (i.e. the U. proboscidea and Bulimina aculeata assemblages), along with a decrease in faunal diversity and higher percentages of total infaunal taxa. This was also a time of greater percentages of high-productivity taxa and suboxic taxa. The above faunal changes reflect the development of a strong upwelling-led high-productivity system at the beginning of the late Pliocene in the eastern Indian Ocean. Wells et al. (1994) also recorded identical benthic foraminiferal and isotopic signals in the eastern Indian Ocean during the penultimate glaciation and suggested an increase in surface water productivity due to the establishment of a zone of upwelling. The final closure of the Indonesian seaway during ∼ 4-3 Ma changed the source of the Indonesian Throughflow (ITF) from the warm and saline south Pacific to the cooler and fresher north Pacific waters, which took a more westerly course. This, in turn, reduced the magnitude of the warm, southwardflowing Leeuwin Current and paved the way for the further northward flow of the cold Western Australian Current, which resulted in the marked shoaling of the thermocline in the eastern Indian Ocean. It was probably during this period that westerly equatorial winds also became stronger, which started to impinge on the west coast of Australia, and were accompanied by stronger tropical easterlies blowing off the Australian landmass (Venkatarathnam & Biscaye 1977) . These stronger offshore winds are thought to have been responsible for the intense offshore Ekman transport, causing potential upwelling of cold and nutrient-rich water and the development of higher surface water productivity at low latitudes off the west coast of Australia in the eastern Indian Ocean. Karas et al. (2009) also attributed the gradual freshening and related cooling (∼ 4 • C) of subsurface waters predominantly from ∼ 3.5 to 2.95 Ma to the gradual constriction of the Indonesian seaway and the related switch in the source of subsurface ITF waters from the warm and saline south Pacific to the cooler and fresher north Pacific. At the same time, Lisiecki & Raymo (2005) recorded globally low values of benthic δ 18 O with a small amplitude reflecting a low ice volume. The benthic Mg/Ca values do not suggest any distinct change in deep-sea temperatures either (Billups & Schrag 2002) . Karas et al. (2009) argued that the significant cooling of Indian Ocean subsurface waters was not a result of the global cooling that intensified the Northern Hemisphere glaciations. Hence, we suggest that the tectonically driven changes in the regional current systems influenced the benthic foraminiferal assemblages at Site 762B in the eastern Indian Ocean.
The source of throughflow water further north due to the closure of Indonesian seaway and the resulting fall in SSTs in the eastern Indian Ocean would be responsible for reducing rainfall in eastern Africa. The increased gradient of sea surface temperature along with possible mountain building in New Guinea reduced the transport of heat from the tropics (the end of the Pliocene 'permanent El Niño') up to such a level as to cause global climatic cooling and the growth of ice sheets (Cane & Molnar 2001) . These authors explained that changes in the Pacific Ocean dynamics resulting from the progressive closure of the Indonesian seaway triggered the transition from a permanent El Niño to the more La Niña-like climate of modern times. The new source of Pacific waters into the Indian Ocean, having changed from the southern warm thermocline to northern cold waters as a result of the northward drift of New Guinea across the equator (Rodgers et al. 2000) , could have decreased SSTs in upwelling regions, which may in turn have caused a significant cooling of northern America through teleconnections and hence the initiations of the late Pliocene Northern Hemisphere glaciations. Earlier, Dickens & Owen (1994) inferred that the restriction of the warm and oligotrophic Indonesian Throughflow (ITF) from the Pacific to the Indian Ocean increased biological productivity, which was ultimately responsible for the expansion of the Oxygen Minimum Zone (OMZ) in the central Indian Ocean. They also suggested that before this closure warm water from the south Pacific was entering the Indian Ocean, increasing sea surface temperature and producing a rainier climate in eastern Africa.
The relative abundance of U. proboscidea and the percentage of total infaunal taxa increased considerably with much greater fluctuations during the Pleistocene. These faunal changes reflect prominent oscillations in the upwelling-led surface water productivity during the Pleistocene, possibly in response to the episodic nature of the changing strength of the Leeuwin Current. The strength of the Leeuwin Current is largely dependent upon the behaviour of WPWP and Indonesian Throughflow waters (Godfrey & Weaver 1991) due to glacial and interglacial changes. Sinha et al. (2006) suggested that during glacial intervals the flow of the Leeuwin Current was substantially reduced or stopped altogether due to the reduction of WPWP and/or the lowering of the sea level, possibly as a result of intense cooling and ice formation. They also explained that the weakening of the southward-flowing Leeuwin Current resulted in a dominant equatorward wind-driven circulation, leading in turn to offshore Ekman transport and increased upwelling of cold, nutrient-rich water to the surface that enhanced surface water productivity in the eastern Indian Ocean.
B. aculeata, an infaunal species that prefers a higher organic matter input to the sea floor, appeared at ∼ 2.5 Ma and increased its abundance thereafter. The increased magnitude of fluctuations in the relative abundances of Bulimina aculeata, species diversity and the percentage of total infaunal taxa during the Pleistocene reflects significant variations in the trophic level due to changing surface water productivity, possibly in response to glacial/interglacial changes. The relatively larger fluctuations in diversity values during the Pleistocene can be explained as a faunal response to the glacial and interglacial cycles with the varying eastern Asian monsoon regime (An 2000) and thus changing trophic conditions for the benthic foraminifera (Rai & Singh 2001) . The disappearance of Stilostomella lepidula during the middle Pleistocene (∼ 0.7 Ma) almost coincides with the so-called global 'Stilostomella' extinction (Schönfeld 1996 , Hayward 2001 , whereas this species has also been recorded with rare and sporadic occurrences in the recent sediment of the Indian Ocean and other regions (see Rai & Singh 2004) . The dominant occurrence of the B. aculeata assemblage during the last ∼ 0.7 Ma suggests that the increase in upwelling and surface water productivity is possibly responsible for the sudden decline of oligotrophic Stilostomella and the almost complete absence of the C. lobatulus assemblage in the Indian Ocean. Gupta & Thomas (1999) also suggested that the decline and loss of this group was due mainly to intensified cooling combined with increased upwelling and surface water productivity, and in places the increased strength of tropical monsoons.
Conclusions
The closing of the Indonesian seaway was responsible for several palaeoceanographic changes in the eastern Indian Ocean. The final closure of the Indonesian seaway at about 4-3 Ma changed the source of the Indonesian Throughflow (ITF) from warm south Pacific to cold north Pacific waters, which resulted in the breakup of permanent El Niño-like conditions. These changes reduced the warm thermocline water flow into the eastern Indian Ocean and also started the development of upwellingled higher surface water productivity systems in this region. The flow of northern cold Pacific waters into the Indian Ocean may have lowered SSTs in upwelling regions, which caused the cooling of northern America through teleconnections and also initiated the late Pliocene glaciations in the Northern Hemisphere. The changing strength of the southward-flowing warm Leeuwin Current (LC) and the northward-flowing cold Western Australian Current (WAC) in response to glacial/interglacial cycles may have played an important role in the oceanographic setting of this area during the Pleistocene. These changes in the circulation pattern are the major controlling factors for upwelling, surface water productivity and deep sea ventilation, which ultimately influence the benthic foraminiferal distribution in this region. Thus, the Pleistocene glacial/interglacial cycles were responsible for the episodic nature of the flow of the Leeuwin Current in the eastern Indian Ocean, which resulted in marked fluctuations in surface water productivity.
